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ANATYTTCAL AND EXPERTMENTAL. STUDIES OF A
DIVIDED-FLOW RAM-JET COMBUSTOR

By E. E. Dangle, Robert Friedman, and A. J. Cervenka

SUMMARY

An gnalytical evaluation and an experimental investigation of a
divided-flow ram-jet combustor compared with a nondivided-flow combustor
are presented in this report. The analytical evaluation demonstrated
the increasse in the total-pressure ratic across the combustor with in-
crease 1n the primary-zone ares. With proper selection of the primary-
zone aresa, the divided-flow combustor exhibits improved total-pressure
ratios over the corresponding nondivided-flow combustor even with higher
flame-holder pressure-loss coefficlents in the divided-flow case.

The experimentsl lnvestigstion demonstrated that a divided-flow
combustor had higher combustion efficiencies than a nondivided-flow com-
bustor over a range of fuel-air ratios from 0.011 to 0.034. At a fuel-
air ratio of 0.017, the efficiency of the divided-flow combustor was 98
percent while that of the nondivided-flow combustor was approximately
70 percent. The ratio of combustor-outlet total pressure to combustor-
inlet total pressure was gpproximately 0.95 over a range of engine total-
temperature ratios of 1.6 to 3.0 and was equal for both the divided- and
nondivided-flow combustors. The experimental investigations were con-
ducted in & l6-inch-connected-pipe ram-jet engine.

INTRODUCTION

The investigation reported herein is a continuatlon of a ram-jet-
combustor design program being conducted at the NACA Lewls laborgtory.
The purpose of this broasd program is to estsblish basic design criteria
for combustors coperating over wide ranges of fuel-alr ratio with low
pressure losses and high combustion efficiency, and to utilize these
design criteria in the development of practical ram-jet combustors.

It 1s generally accepted that the most efficlent burning in a ram-

jet combustor occurs in regions of low velocity and near stoichiometric
fuel-alr ratios. In most burners, this condition is created locally in
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the low-velocity region behind flame-holder baffles. However, relying

on baffles alone to create a sheltered zone where burning mey be com-
pleted’is not entirely satisfactory. Mixing with high-velocity air often
occurs before combustlion is firmly esteblished; local fuel-alr ratios
cannot be easlly controlled; and all the alr stream is subjected to
momentum pressure losses in the combustor, whereas actually only a por-
tion of the alr enters into the reaction at over-all lean fuel-sir ratios.

A possible improvement in combustor design is offered in the form
of a divided-flow system, in which a portion of the combustor air is
ducted by a sleeve into an inner or primery zone of low-velocity burning
while the remainder or secondary air passes around the sleeve. The two
streams then mix downstream of the primery combustion zone. Evidence of
improved combustion performance through the use of a flow-dividing sleeve
is given in references 1 and 2, 1in which high combustion efflclency was
achieved over & wide range of fuel-alr ratlos. This achlevement was a
result of better control of the fuel-alr ratlo provided by the sleeve.
Similarly, the existence of a low-velocity burning zone offers further
improvements in combustion efficlency as shown by a correlation of burner
veloclty with pressure and tempersture presented in reference 3. Finally,
the low burner veloclty of the divided-flow system mekes 1t possible to
utilize high-blockage flame holders in the combustor without reducing
the totael-pressure ratlio across the engine. The advantages assoclated
with the divided-flow combustor are dependent upon achieving a low
gpproach veloclty to the primary zone by means of proper proportioning
of primary-zone aerea end alr flow. The objectives of this report,
therefore, are to present an analytical study on the influence of
primary-zone ares and alr mass flow upon the pressures throughout & ram-
Jet combustor; to esteblish an optimum combustor design in terms of
reduced pressure losses; and to evaluate experimentally s representative
combustor evolved from the analysis.

Pressures throughout a turbojet combustor are analyzed in refer-
ence 4 by the use of Incompressible-flow relations. However, in this
investigation the diffusilon, combustion, and mixing processes are deter-
mined by one-dimensional compressible-flow relations so that the total-
pressure losses can be determined for the case of high inlet-ailr veloe-
itles such as occur in the ram-jet combustor. Ewvaluatlon of the pressure
losses through the divided-flow system is based upon the flight comdi-
tions, and the pressure losses are compared with corresponding losses
in the norndivided-flow combustor. Z . -

Experimental evaluation of the combustor performance was conducted
in a 16-inch-connected-pipe ream-Jet engine at conditions simwlating a
flight Mach number of 2.9 and altitude of 67,000 feet. Efforts were
limited to evaluation of the combustion efficlency, the pressure recov-
ery, and the mechanical reliesbility of the burner, while no efforts were
made to refine the operatlonal characteristics.
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SYMBOLS

The following symbols are used in this report:

kg

< ¢ H 2 B o g

.<

o)

T
Subscripts:
A,B,C

ref

0,1,2,2a,
2b, . . .

cross-sectional area, sq £t

P2-P3
flame-holder pressure-loss coefficient, ——EE—
specific heat, Btu/(1b mass)(°R)

conversion factor between force and mess units, 32.2
(1b mass) (£t)

(1p force) (sec?)

Mach number

total, or stegnation, absolute pressure, 1lb force/sq £t
static absolute pressure, 1b force/sq £t

dynamic pressure, 1/2 prM?, 1b force/sq ft

gas constant per unit mass, (£t-1b force)/(1b mass)(°R)
total, or stagnation, absolute temperature, °r

static gbsolute tempersture, °r

linear velocity, ft/sec

mess-flow rate, 1b mass/sec

gpecific-heat ratlo

diffuser efficiency, Pp/Pq

total-temperature ratio across combustor

any generalized engine statlions

reference value for heat balsance

stations in analytical engine models, fig. 1
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ANALYSIS

Description of Idealized Engine

As the advantages of the divided-flow combustor with regerd to
improved combustion efficlency and flame stebllity are well recognized,
this analysis is concerned only with the proper spportioning of the
primery-zone and secondary-zone flow areas. The evaluation of the
divided-flow system 1s made through calculation of the ratio of
combustor-outlet total pressure to free-stream total pressure, referred
to hereln as the total-pressure ratio. The desired flow areas, there-
fore, would be those in which the total-pressure ratio would equal or
exceed that of a corresponding nondivided-flow system of the more con-
ventional type, for the same average temperature ratio across the
combustor.

The divided-flow system, illustrated in figure 1(a), consiets of a
supersonic and subsonic diffuser, stations O to 2, the divided combustion
zone, stations 2 to 5, and the mixing reglon before the exit nozzle,
stations 5 to 6. In the primary zone, the flame holder is situated be-
tween stations 2a and 3a, and stoichiometric burning takes place between
stations 3a and 4a. The secondary-zone alr passes from station 2b to 5b
unchanged. At stations 5a end 5b a nozzle is introduced, either con-
verging or diverging as required, to balance the primary- and secondary-
stream static pressures. In this way, the primary-zone air flow is kept
independent of the primsry-combustor-zone area. Mixing of the primary
and secondary streams occurs between stations 5 and 6; and, if sedditional
over-agll temperature ratio is desired, secondary-stream fuel injection
and burning mey be provided in regions 5 to 6. Figure 1(b) shows a con-
ventional nondlvided-flow configurstion in which combustion occurs be-
tween stations 3 to 6, resulting in a temperature ratio equivalent to
that between stations 3a to 6 in the divided-flow combustor.

Method of Analysils -

Schematically, an example of the variations of total-pressure ratio
through the divided-flow and the comparable nondivided-flow systems is
shown in figure 2. The plot shows the ratio of total pressure at each
station to the free-stream total pressure and illustrates the design re-
quirements of the divided-flow system. The primery-zone area selected 1s
large enough to ensure & low-veloclty combustlion reglon between stations
3a. and 4a which results in smaller pressure losses than in the nondivided-
flow system. On the other hand, the secondary-zone area is not reduced
to such an extent thaet skin-friction losses in the secondary zone between
stations 2b and 5b are sppreciable. The analytical engine model 1ls con-
sidered as a seriles of successive flow-path steps. At each step the gas
streams undergo a single operation or simple change, and new values of
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flow properties are calculated for the simple change. The over-all
change in conditions is the summation of these individusl changes.
The following assumptions are made for the analytical model:
(1) The flows may be considered one dimensionsal.

(2) Heat loss, skin friction, and momentum effects of fuel addition
are negliglble except where noted.

(3) In the divided-flow system, combustlon takes place in the pri-

mary zone only, stations 3a to 4a, at 100 percent efficlency, and there
1s no heat transfer between streams until the mixing zone, between sta-

tlons 5 and 6.

(4) In the divided-flow system, mixing of the two streams is com-
plete and temperature equilibrium is established by station 6.

The gas streams in both 1dealized engines are subjected to these
possible simple changes:

(1) Isentropic area change
(2) Constant-area temperature change

(3) Change associated with flow through a flame holder at an assumed
pressure-loss coefficient

(4) Constant momentum mixing

The following one-dimensional equations, wrltten for variable
specific-heat ratios, relate the changes of properties for these
opergtions:

Area change (ref. 5 and pp. 139-147 of ref. 6):

YB+l T+l
( Ty - 1L 2) 2(yg-1 2(r,-1)
A.B = A ..Mﬁ' 2L * 2 MB TA Y = 1
A Mg g+ 1 2(} R Tp -1 MA%)J D
2

(1)
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The subscripts A and B denote values of the properties at stations
immedistely before and after the change. When the area change is isen-
tropic, the diffuser efficiency mp 1is equal to 1.

Temperature chenge (ref. 5 and pp. 148-156 of ref. 6):

-1
)" (ry + 0 + 2 MBZ) (2 + rin’)° (3)

T -1
(M) 23(ry + 1) (1 + Az M,2 (1 + TBMBZ)Z

Tp = Ty

(1 + YAMQ?)(TB_+ 1)

B PA T+ v Bl (r, + 1) (4)

Flame-holder static-pressure loss (derived in appendix A):

T
TA - ] 2 YA-l - 1 . 2. —
L+ ——M - 3 7aMy 0p
Pg = Py _— (5)
B
- Yn-1
be2plnd)”
t M
Pplpy ratp
' (8)

= M — —
E A Pg A \Tpty
Mixing (derived in sppendix B):

(ty - tpleyWy
ty = g + Sy (7)
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(8)

T,

The subscripts A and B denote the values of the properties of the
two streams before mixing and C, the values of the properties of the
mixed strean.

The total (or stagnation) temperature and pressure relations, equa-
tione (10) and (11), complete the necessary equations for the stepwise
calculatlions:

X
P = p(l T S MZ)T-I (10)
T = t(1+££—lmz) (11)

The applicetion of equations (1) to (11) to the calculation of the
total-pressure change in s divided-flow configuration is shown in
eppendix C. A sample calculation is included for both a divided-flow
design and a compearseble nondivided-flow system.

Conditions for Anelyseis

The analysis presented 1s general for any case in which the
combustor-inlet Mach number My is equal to 0.18, and the heat addition

occurs equivalent to the values listed subsequently.

A typical set of engine and flight conditions that correspond to
the general analysis has been selected for the purpose of illustrating
the analysis and is presented as follows:
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Free-stream Mach number P I 3.0
Inlet total tempersture, Rv e v . S e s e e e s e s . e« 1100
Supersonic-diffuser efficiency, percent e s 8 e e e e s e e e s 65
Subsonic-diffuser efficiency, percent . . .« e e 100

Ratlio of combustor-inlet area to free- stream capture area o« e e e 1.2

Hydrogen-carbon mass ratio of fuel .« « + + ¢« ¢« v v & « « « « « « 0.167
Stoichiometric fuel-air ratio « .« « ¢« v ¢« ¢ ¢« ¢« v v ¢ ¢« « 4 +» « « 0.087
Total-temperature ratio across primery combustion zone . . . « . 4.05
Flame-holder pressure-loss coefficlent, AP/q + . . . . . . . 2 and 10

In the definition of the pressure-loss coefficient, AP i1s the total-
pressure drop across the flame holder with cold flow and g 1is the
dynemic pressure in the primery stream immedistely before the flame
holder. For the analysis, the diffuser throat ie assumed choked at all

times.

Provislon for the varisble total-temperature rstios 5 acroes the
engine 1s made by the selection of five primery-zone air flows of 20,
25, 30, 35, end 40 percent of the total englne air flow.

ANALYTICAL RESULTS
Pressure Recovery

In figure 3 is shown the effect of the size of the primary combustor
aree upon the over-all pressure recovery PG/PO for a single operating

condition of 25-percent primary-zone air flow. The plot shows the
Pressure-recovery curves for two cases of flame-holder pressure-loss
coefficients AP/q of 2 and 10. For comparison, the pressure recovery
of a nondivided-flow combustor for the same over-all fuel-air ratio and
AP/q of 2 is shown by a horizontal line, although the abscissa values
of primary-zone area would have no meaning for thils case.

It is evident from figure 3 that the pressure recovery of the
divided-flow system increases with increasing primary-zone area and
can be made to exceed that of a conventional nondivided-zone configu-
ration by the use of a large primary-zone area. The maximum primsry-
zone area is limited to & size where secondary-stream Mach numbers are
not excessive. Preliminary calculations showed that ebove a secondary-
stream Mach number of 0.7, the secondery skin-friction losses become
appreciable. Thus the curve in figure 3 is extended only up to a
Primary-zone area of 75 percent of the total combustor area, at which
point the secondary-stream Mach number is 0.7.

The curves of total-pressure ratio for primary-zone air flows of 20
to 40 percent are shown in figure 4(a) for a flame-holder pressure-loss
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coefficient of 2 and in figure 4(b) for a flame-holder pressure-loss
coefficient of 10. The effect of primary-zone area is shown in the fig-
ures. The broken line indicates the corresponding values of the con-
ventional nondivided-flow systems for the same total-tempersture ratios
across the combustors. All the curves are extended up to an area ratio
where the secondary-zone Mach number is 0.7.

From figure 4 1t may be seen that it is possible to exceed the
total-pressure ratio of the corresponding nondivided-flow configura-
tion by an spproprdate choice of primary-zone area. For example, with
25-percent air flow through the primary zone, improved pressure recov-
ery over the conventionel design is realized by utilizing primary-zone
areas ranging from 30 to 75 percent of the total combustor area for a
flame-holder pressure-loss coefficient of 2 and from 48 to 75 percent of
the total area for a coefficient of 10. The curves for flame-holder
pressure-loss coefficlents of 10 show that the divided-flow system cen
tolerate a high-blockage flame holder and still equasl or better the
total-pressure recovery of a conventlonal system with a flame-holder
Pressure-loss coefficient of only 2.

Outlet Nozzle of Divided-Flow Combustor

The ares of the nozzle at station 5 necessary for equalizing the
static pressures at stations 5a and 5b 1s shown in figure 5(a) for a
flame-holder pressure-loss coefficient of 2 and in figure 5(b) for a
coefficient of 10. The size of the exlit is plotted as a function of the
pPrimary-zone area for the range of primaery-zone sir flows considered in

this analysis.

A broken line is drawn in figure 5 connecting points where the
required exit area is the same as the primary-zone srea. At all points
above and to the left of this broken line, & diverging combustor exit
nozzle is required; at all polnts below and to the right of this line,
& converging nozzle is required. Intersection of the dashed line with
the curves represents a conditlion where no exit nozzle is required.

Application to Design

A divided-flow combustor was designed for long-range missile appli-
cation. The over-all engine fuel-alr ratio was established at approxi-
metely 0.02 for the most efflcient cruise phase and near stolchiometric
fuel-air ratios for acceleration and climb. With primary-zone alr flow
at 25 percent of the total engine air flow and stoichiometric burning
in the primary zone, the engine over-all fuel-air ratio resolved to
0.017 with gasoline fuel.
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From figure 3 it is shown that with a flame-holder pressure-loss
coefficient of 2 any primary-zone area between 30 and 75 percent of the
total engine aresa could be selected for a practical combustor design. A
primery-zone area of 50 percent was chosen. Agein, from figure 3, it is
seen that for the case of a combustor with a 50-percent primary-zone
area, any flame-holder pressure-loss coefficient between 2 and 10 would
result in reduced total-pressure losses as compared with those of a con-

ventional engine.

APPARATUS AND EXPERIMENTAL PROCEDURE

The tests for this progrem were conducted in a l6-inch-connected-
plpe ram-jet engine, the inestallation end détalls of which are given in
reference 2. §Sketches of the engine and engine installation are shown

in figure 6.

Flame holders. - A sloping-baffle flame holder was utilized in the
divided-flow system in the primary combustor and was instelled as shown
in figure 7. The flame holder consisted of nine radial V-gutters with a
blocked area of 65 percent based on maximum primary-zone cross-sectional
area. The downstream open end of the gutters tapered from 2% inches

across at the outer diameter of the flame holder to l% inches at the
inner diameter. The flame holder extended from the centerbody pilot to
the flow-divider sleeve at an angle of 20° to the engine axis. The
flame-holder pressure~loss coefficient was 5.2 based on a measured static
differentlal pressure across the flame holder converted to total pres-
sure, and a dynamic pressure calculated from the primary-stream area,

the static pressure, and the primary-zone air flow. The fleme holder
used in the nondivided-flow combustor had a pressure-loss coeffilcient

of 1.5 and is described in detail in reference 1.

Alr flow dlvider. - Installation of the flow-dlviding sleeve in the
ram-jet combustor is also shown in figure 7. The sleeve tapered from an

inlet dismeter of 10%% inches to a dliameter at the flame holder of 1lf%
inches. The sleeve was 25 inches long, 20 inches of which were tapered
and 5 incheg of which hed a constant diemeter downstream of the flame
holder. The sleeve cross-sectional ares occupied 50 percent of the total
engine cross-sectionsl area.

Fuel injection systems. - Fuel was injected into the primsry fuel
zone through six spray bars, each with & 0.0469-inch-diameter orifice
located on the downstream side of the spray ber. The spray bars were
located 16; inches upstream of the pilot-burnér exit with the orifices
located midwsy across the annulus between centerbody and inlet 1lip of the
flow-divider sleeve.
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Fuel was sprayed into the outer or secondary zone through 16 modi-
Tied fixed-area commercilal nozzles rated at 0.36 gallon per minute each
at a pressure differential of 100 pounds per square inch. The nozzles
were locgted 17 inches upstream of the flame holder.

It should be noted at this time that if the experimental combustor
were to comply with the analytical model, the flow-dividing sleeve should
diverge at the exit to an area corresponding to 64 percent of the engine
area as interpolated between figures 5(a) and (b). However, since the
fuel supply menifolds to the 16 nozzles already blocked a portion of the
secondary-stream flow aree, the diverging exit to the sleeve was

disregarded.

Instrumentation. -~ The diffuser-exit velocity profile was estab-
lished from readinge taken from three tota#l-pressure rskes equally
spaced around the diffuser exit. Static-pressure taps were located
along the inner surface of the flow-dividing sleeve at the inlet 1ip and
before and after the fleme holder. A radially moveble total-pressure
brobe was located Just upstream of the Plame holder in the apnulus
formed by the sleeve and the outer wall. A water-cooled total-pressure
probe was located at the cambustor exit and was capable of meking com-
Plete radlal traverses from combustor wall to wall.

Fuel. - The specifications and enalytical data on MIL-F-5624A grade
JP-4 fuel used in this test program are presented in ‘table I.

Combustor operating conditions. - The combustor operating condi-
tions ere:

Inlet-air static pressures, in. Hg @b « « « o « o « ¢ & « « « « 32238
Inlet-air total temperature, °F . . . . « = . « ¢ . v . . . . . BOOEIO
Inlet-air velocities, ft/8€C +« « + « + « ¢ ¢ 4 « ¢ 4 4 « o . . 230-260

These values correspond to the combustor-inlet conditions in a
ram-jet engine flying at a Mech number of 2.9 at an approximste sltitude
of 67,000 feet with a diffuser pressure recovery of 65 percent.

Combustion efficlency. - Combustion efficiencies were determined by
e heat-balance system similar to the system presented in reference 7.
The quench-water mass flow was varied so that an average outlet temper-
ature of 900° F was maintained. The total enthalpy change of fuel, air,
quench water, and engine cooling water was divided by the input energy
of the fuel to obtain the combustion efficiency. Operation of the
engine was confined to a maximum fuel-air ratio of 0.043 because of
limitations in the calorimeter.

g J
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EXPERIMERTAL RESULTS AND DISCUSSION
Combustion Efficlency

The effect of primary-stream fuel-sir ratio upon combustion effi-
ciency in the primsry burner is shown in figire 8. The maximum combustion
efficiency of 98 percent occurred at e primary-stream fuel-air ratic of
0.087, which corresponds to the design fuel-air ratio used in the ana-
lytical treatment. The fuel-alr ratios employed in figure 8 were based
upon & 25-percent primary-zone alr flow. Varying the primary-stream fuel-
air retio over the range from 0.045 to 0.134 resulted in meximm-to-
minimum combustion-efficiency variations of 98 to 82 percent. Combustion
efficlency of 92 percent at a primary-stream fuel-air ratio of 0.134
would indicete thet either secondary ailr recirculates into the primsry
zone or that primary-zone burning is not completed inside the primary zone
but is completed with the ald of secondary alr downstream of the primery
zone. Figure 8 also Indicates the effectiveness of a large primary-zone
burner for a ram-jet engine operating at lean over-all fuel-air ratios.
Between over-all fuel-air ratios of 0.015 to 0.034, the combustion effi-
ciency varied from 98 to 90 percent, while at a fuel-asir ratio of
0.011, the efficiency was 82 percent.

A plot of combustion-efficlency variation with engine over-all fuel-
alr ratio for primery-stream fuel injection and primary- plus secondary-
stream fuel Injection 1s presented in figure 9. For the cases of
secondary-~stream fuel injectlon, the primsry-streem fuel-alr ratlo wes
held constant at 0.017 and 0.023 based on engine air flow and 0.067 to
0.092 hased on primary-zone alr flow, while the secondary-stream fuel flow
was varied over a range of over-all fuel-air ratlos from 0.025 to 0.043.
It is seen, from the figure, that there 1s negligible effect on the over-
all combustion efficiency with the above variation in primery-stream fuel-
air ratio.

The lower combustion-efficiency level, 81 to 90 percent between fuel-
alr ratios of 0.026 to 0,043, associgted with secondary-stream fuel In-
Jection is primarily due to the ebsence of secondary-stream flame-holdlng
surfaces without the aid of which the secondary fuel-alr stream must ig-
nite by mixing with the hot primary exhaust stream. For this combustor
operating over a range of fuel-air ratios from 0.01lL to 0.034, primary-
stream fuel inJection alone appears most desirable.

The combustlion-efficlency curve for a nondivided-flow combustor which
was tested under similar conditions (ref. 1) is included in figure 9 for
comparison with the divided-flow combustor. The dlvided-flow-combustor
efficiency, with primery-zone burning only, is 28 percentage points higher
than the nondivided-flow combustor et a fuel-air ratio of 0.017, while at
a fuel-air ratio of 0.034 the combustion efficiencies are nearly equal.

It is seen that with primary-zone combustion only, the divided-flow com-
bustor is more efficlent than the nondivided-flow combustor up to a fuel-
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air ratio of 0.034. With secondary-stream fuel injection, however, the
efficiency of the divided-flow combustor 1s less than that of the
nondivided-flow combustor (8 percentage points at a fuel-air ratio of
0.030 and 4 points at a ratio of 0.038). It is reasonable to assume
that the efficlencies of the divided-flow combustor would be improved
by the use of secondary-streem flame holders.

Total-Pressure Ratio

Variation in the ratio of combustor-outlet total pressure to
combustor-inlet total pressure PG/PZ as a function of the combustor

total-temperature ratio T is presented in figure 10 for both the
divided- and nondivided-flow combustors. From the figure, it is seen
that the total-pressure losses for both systems asre comparable. The
ratio PS/PZ remained nearly constant at about 0.95 over a range of T

from approximately 1.6 to 3.0 for both systems.

It is of interest to compare the analytical predictions for total- -
pressure ratios across the two types of combustors with the experimental _
values obtained. The analytical method of this report (fig. 3) predicts
a total-pressure ratio of 0.608 for g divided-flow combustor of 50-
percent primary area, 25-percent primery-zone sir flow, & flame-holder
pressure-loss coefficient of 5 (by interpolation), and a 65-percent
diffuser recovery factor which, when adjusted to a value of 100-percent
diffuser recovery, glves a total-pressure ratio of 0.935. The total-
pressure ratio for the analytical model of the nondivided-flow combustor
was 0.603, which, when corrected for 10O-percent diffuser recovery, was
0.928. This total-pressure ratio for the nondivided-flow combustor was
celculated for s flame-~holder pressure-loss coefficient of 1.5 lnstead of
2 as presented in the analytical treatment. The experimental total-
pressure ratios in the connected-pipe installation were 0.953 with 100-
percent diffuser recovery for both the divided- and nondivided-flow com-
bustors at an over-all fuel-alr ratio, corresponding to that of the
analytical model of 0.017. The experimental data, which prove that the e
total-pressure ratlios for the two systems are equal, bear out the pre-
dicted agreement between the two systems from the analytical treatment
(0.935 for the divided-flow combustor and 0.928 for the nondivided-flow
combustor) Exact quantitative agreement between the analytical and
experimental methods was not achieved perheps because of differences in
the combustor-inlet Mach numbers for the two methods (0.15 for the exper-
imental method and 0.18 for the analytical method) .

Mechanical Relisgbllity

The flow-dividing sleeve and the flame holder remained undamaged
after 50 hours of operation with over-all fuel-alr ratlios as rich as

0.043.

NGB
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SUMMARY OF RESULTS

The following results were obtained from & theoretical analysis
and an experimentel investigation of a divided-flow and & nondivided-~
flow combustor.

The following results were established from the theoreticsal
analysis:

1. The total-pressure ratio of & divided-flow combustor increased
wlth increasling primasry-zone area. The maximum primary-zone area was
limited only by frictlion losses in the secondery zone which became sig-
nificant above secondary-zone Mach numbers of 0.7.

2. With the proper selection of primary-zone aree in a dlvided-flow
combustor, it was possible to exceed the total-pressure ratio of a
nondivided-flow combustor.

3. It was possible to tolerste higher flame-holder pressure-loss
coefficients in a divided-flow system then in & nondivided-flow combustor
and still maintain a higher total-pressure ratio.

The following results were obtalned from the experimentel investi-
gation conducted in & 16-lnch ram-Jjet englne:

1. Operation st the selected design conditions of stolchiometric
burning in the primary zone at a primary-zone air flow of 25 percent of
the total englne alr flow and a sleeve area of 50 percent of the engine
area resulted in a combustion efficiency of 98 percent. Thls efficlency
occurred at an over-all engine fuel-alr ratio of 0.017.

2. The divided-flow system showed substantiel gains in combustion
efficlency et lean fuel-air ratios (0.011 to 0.034) over a conventional
nondivided-flow combustor. At a fuel-air ratlio of 0.017, the efficiency
of the divided-flow combustor was 98 percent, while that of the
nondivided-flow combustor was approximately 70 percent.

3. The ratio of total pressure gt the combustor outlet to total
pressure gt the combustor inlet PG/PZ was equal for both the divided-

flow and the nondivided-flow combustors, although flame-holder pressure-
loss coefficlients were 5.2 and 1.5, respectively. Over a range of engine
total-temperature ratio T from 1.6 to 3.0, the pressure ratio Pg/Py

remained constant at epproximately 0.95.

4, The flow-dividing sleeve end fleme holder remained undamaged
after 50 hours of operation with over-all fuel-air ratlos up to 0.043.
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CONCLUDING REMARKS

The divided-flow combustor has certalin advantages over the
nondivided-flow combustor. Increased efficiencies at lean fuel-air
ratlios were made possible by the low veloclty flow in the relatively
large primary zone of the divided-flow combustor. The divided-flow
combustor cen tolerate higher-blockege flame holders than the nondivided-
flow combustor with no sacrifice in total-pressure ratio. Finally,
the fact that a large portion of the engine area and only s emall por-
tion of the engine air can be utilized in the primary zone without loss
in totael-pressure ratio was shown by the thecoretical anslysis and the
experimental evaluation.

Lewls Flight Propulsion Laboratory
National Advisory Committee for Aeronsutics
Cleveland, Ohlo, November 9, 1953
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APPENDIX A

DERLVATION OF FLAME-HOLDER ILOSS RELATIONS

The total-pressure losses across the flame holder are expressed by
the pressure-loss coefficlent Cp, which is defined as

B — s ———— Al
5 N (A1)
where station A 1s hefore the flame holder and B is after the flame
holder. In this work, the dynemic pressure q in the definition of the

pressure-loss coefficient 1s always taken as the value at the station
Just before the flame holder.

Total pressure end dynamic pressure may be defined in terms of
statlc pressure:

X
o
P=p(lL+l ot M?) (a2)
2
e= &= zgiRt Wrg Rt = 5 o (43)

Substituting equations (A2) and (A3) into equation (Al) yields

Ta s
-1 ~1
. TA Yg - 1 2>YB
b Tping) i Tarty
Cp = (Ad)
2 Pa¥A%a

Equation (A4), when solved for pp, becomes equation (5), as shown in
the Method of Analysis section:

o (5)

. 3042
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Generally, since static-temperature and Mach nunber changes across the

T 1 ~
flame holdfr are not greet, v, = vp, and <l + iz—- MAE) -
‘Y‘ -
(l + —ILZ— MBZ ; thus equation (5) may be written more simply:

Z¢
VM Cp
By =D, |1- ~ (45)
Ty -1 >T-l
A 2]V A
2(l+——2——MA

Equation (6) in the Method of Analysis section is merely a statement of
the continulty relation across the flame holder:

Pty ‘\’ RA'b L PefE's '\’ (6)

Again, when static-temperature or Mach number changes are small across
the fleme holder, snd when A, = Ap, equation (6) or (A6) becomes

MBBM -P—A (A7)

PR -
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APPENDIX B .

DERIVATION OF MIXING RELATION

Heat-balance equation. - For two streams A and B mixing to form
a repultant stream C, an enthalpy balance wlth no losses requires

Wpey(ty = trge) + Wpeg(ty - trgp) = Wc“"c(*'c - trer) (1)

where the speclfic heats are averaged between the stream temperatures
and a reference temperature t,..p- If ty 1is selected as the reference

tempersture, equation (Bl) becomes
Waep(ty - tp) = Wgeg(tg - tp) (B2)

which when rearranged to solve for tc glves equation (7) in the Method
of Analysis section:

(ty - tg)eaWy (7) .
Weeo

tc=¢tB+

Continuity equation. - The usual mass-flow continulty equation for
the mixing streams is written as:

WA + WB = WC ' (B3)
This form is expanded by expressing the mass flow W as pAv/Rt and

introducing the Mech number by the definition v = MA/Tgth. Equation
(B3) then becomes

T28¢ Tg8c Tcée
PafaMy '\’R' ot T PeteMe A\ Rt ™ PoficMe A RgE (4)

This is simplified by the requirement that the static pressure of the
two mixing streams is equal; thus p, = pg- Equation (B4) can then be

rearranged to the form of equation (8) in the Method of Analysis section.

YB
AAMA F’t— + ApMg
(8) .

AcMg

Pa

PR s |
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Dynamic momentum balance. - A dynamic momentum balance for two
mixing streams, for the case in this analysis where the two mixing
streams are at equal statlic pressures denoted by PRy, and Ap + Ag = Ag,

is

WAVA + WBVB = WCVC + (AA -+ AB) (PC - PB)gC (BS)
From the substitutions of W = %%—Z end V2 = Mzrgth, equation (BS)

becomes
2 2 2
PpAAY A8 My~ + PRpAprp8 Mp® = PLAT 8 M. + (4 + Ap) (B, - Py, (BE)

Rearranging and simplifying equation (6) end substituting p s = Pp
yield '

2 *’-’13“‘.&3%}““&2 + PBABTBMBZ - (&, + Ap)(2g - pp) (57)

Yo PefeTe

Finally, equation (B7) is put in the form of equation (9) of the Method
of Analysis sectlon by taking square roots and noting that Ay = Ap + Ap.
Additional rearrangement yields

2 2
pp\ [A,(1 + ¥ 20,7) + Ap(L + vpipT) 1
g = (g)[ :IIFE ¥

Adre
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APPENDIX C

DETATLS OF ANALYTICAL CALCULATIONS

The epplication of the simple operations discussed in the analysis
of thls report to the stepwise calculation of pressure and Mach number
changes in divided- and nondivided-flow combuetors is given in tables IIX
and III. In table II are given the changes between stations in the
analytical models (fig. 1) and the equations from the Method of Anslysis
section which are epplicsble for each change. Table III 1s a sample
calculation for a dlvided-flow engine operated under the stated condi-
tlons gilven in the Conditions for Analysis sectlon for 25-percent
primaery-zone alr flow through e primary zone occupying 50 percent of the
total combustor area with a flame-holder pressure-loss coefficient
&P[q of 2. Table IIT also includes & sample calculation for a
nondivided-flow engine operated at the same over-all temperature
ratio as the divided-flow configuration.

The calculations for teble III were performed by using the general
equations (1) to (11) given in the text, with the equations written
specifically for each station.

The analytical procedure illustrated herein is general and can be
applied to any divided-~flow system in which the combustor-inlet Mach
number is 0.18, a usual order of megnitude for ram-jet combustors, and
burning in the primery-zone area is stolchiometric. The selection of s
specific free-stream Mach number affects only subsequent values of
specific-heat ratios, which are of second-order importance.
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TABLE I. - SPECIFICATIONS AND ANALYSIS OF MIL-F-5624A GRADE JP-4

ENGINE FUEL
Specifications Analysis
A.8.T.M. distillation
D86-46, OF
Initial bolling point 140
Percentage evaporated
5 199
10 250 (max) 224
20 250
30 270
40 290
50 305
60 325
70 352
80 384
90 427
Finsl boiling point 550 (mex) 487
Residue, percent 1.5 (max) 1.2
Loss, percent 1.5 (max) 0
Specific gravity, 60°/60° F | 0.826 to 0.747 0.765
Reid vapor pressure,
1b/sq in. 2.0 (min), 3.0 (max) 2.7
Hydrogen-carbon ratio 0.169
Net heat of combustion,
Btu/1b 18,400 (min) 18,700
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TABLE II. - STEPWISE OPERATIONS IN ANALYTICAL ENGINE MODELS

(a) Divided-flow combustor

nozzle

Stetion | Identity of station Simple operation Applicable
: at station equations
0-1 Supersonic portion Isentropic area change | (1),(2)
- of diffuser with diffuser-effli- corrected
clency correction for diffuser
efficiency
la-2a Subsonic portion of | Lsentropic area change | (1),(2)
diffuser
1b-2b Subsonic portion of | Isentroplc area change (1),(2)
diffuser
2a-3a Primary-zone flame Flame-holder loss (8),(8) or
holder (A5) , (A7)
3a-4a Primary combustion Constant-area temper- (3),(4)
zone ature change
4a-5a Primary-zone exit Isentropic area change | (1),(2)

2b-4b Secondary zone

No change

nozzle

4b-5b Secondary-zone exit

Isentroplic area change

(1),(2)

58,5b-6| Mixing zone

Constent momentum
mixing

(7),(8),(9)

(b) Nondivided-flow combustor

0-1 Supersonic portion Isentropic area change | (1),(2)
of diffuser with diffuser-effi- corrected Ffor
clency correction diffuser
efficiency
1-2 Subsonic portion of | Isentropic area change | (1),(2)
diffuser
2-3 Flame holder Flame-holder loss (5),(8) or
(a5) ,(A7)
3-6 Combustion zone Constant-aree tempera- | (3),(4)

ture change

:-&hﬁggg£22§2§§§5
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TABLE III. - SAMPLE CALCULATION
(a) Divided-flow combustor
[ 25-Percent primary-zone air flow, 50-percent primary-zone
area, and flame-holder pressure-loss coefficient of 2]
Station Value Source
0-1 Mo = 3 Given (see Conditions for Analysis section)

My = 0.65 Given

My =1 Given (sonic throat)

Ap= 1 Arbitrary area value (total combustor area As
then is 1.2 as stated in the Conditions for
Anelysis section)

Py ™ 1 Arbitrary pressure value (actual free-stream pres-
sure velues are not necessary and all further
pressure values are expressed on this basls)

Y= 1.375 | Ref. 6 (same value is used at stations 2a, 3a,
2b, 5b)

Ay = 0.363 | Eq. (1) solved for 4A; (theoreticel value of Aj
shown at left corrected for diffuser efficiency)

Ajg = 0.091} Ay 1is percent primary-zone air flow times A;

Ay = 0.272| Ay, 1is percent seondary-zone air flow times Ay

Pp = 36.7 | Eq. (10)

Py = 12.6 Eq. (2) with value of p; from equation multi-
plied by 0.85 to correct for diffuser efficiency

P, = 23.8 Eq. (10) (P = 0.85F;)

la-2a Ag, = 0.60 | Assigned value (since total combustor ares is
taken as 1.2, this amounts to 50 percent of
combustor ares)

My, = 0.088| Eq. (1) solved for Mpg

Py = 23.6 | Eg. (2) _

Pog = 23.8 | No change in total pressure for isentropic area
change

1b-2b AZb = 0.60 Assigned value
My, = 0.276 Eg. (1) solved for My,
Poy, = 22.5 | Eq. (2)

No change in total pressure for isentropic change

Sv0e
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TABLE IIT. - Continued. SAMPLE CALCULATION
(a) Continued. Divided-flow combustor

[ 25-Percent primary-zone air flow, 50-percent primary-zone
area, and flame-holder pressure-loss coefficient of 2]

Station Value Source

2a-3a |Cp =2 Assigned value

Dy = 23-4 Eq. (5) or (A5)

Mz = 0.089 Eq. (6) or (A7)

Pzg = 23.5 Eq. (10)

3a-4a [T = 4.05 Given (see Conditione for Analysis

section)

Tyag = 1:245 Reg.)s (the same value is used at station
a

Myg = 0.190 Eq. (3) solved for M,
(T = Tye/To = Tye/Tse)

Dy, = 21.4 | Ea. (4)

P, = 21.8 Eq. (10)

At stations S5a and 5b there is an area
change to fulfill the conditions: .
Psg = Pops 8nd Agg + Agp = Apg + Agy
as over-all combustor area remsins the
same. Values of 1 and P, may be

4a-58, |Mgg = 0.151
2b-5b | M-y = 0.383

Acg = 0.75

Asp = 0-45 written in terms of pgy and Py

Pgq = Pgp = 21.5 (PZb)’ respectively, by eqg. (2). Values
of Ag, &and Ag, may be written in
terms of Ay, &nd Ay, {Apy and Az
respectively, by eq. (1). By & simul-
teneous solution of these four equations
and the two pressure and area require-

ments, Msg, M5y, Psgy Psps Asgr 80d
AS‘D are found.

Pgg = 21.8 No change in total pressure for isentropic
Pey = 23.8 areg change
5-6 |Tg = 1100° R Given

Tsg = 4460° R

Gilven <T58. = TOT)
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TABLE III. - Continued. SAMPLE CALCULATION
(a) Concluded. Divided-flow combustor
[ 25-Percent primary-zone air flow, 50-percent primary-zone
area, and flame-holder pressure-loss coefficient of 2]
Station Value Source
5-6 tgg = 4448° R Eq. (11)
tgy = 1071° R Eq. (11) (Tsp = To) _
W‘Sa/W6 = 0.262 Original primary-stream fraction of 0.25
corrected for the additional 0.067
fuel-air ratio of injected fuel
Cgg = 0.312 Stoichiometric combustion of a fuel with
Btu/Ib og a 0.1687 hydrogen-carbon weight ratio
yields & product consisting of 19.9
weight percent COp, 8.1 percent H20,
and 72.0 percent Np. From ref. 6,
average speciflc heat of this product
may be calculated for temperature range
from 1071° to 4448° R.
cg = 0.286 Btu/lb ©R| Specific heat from ref. 6 (an average
value over renge from 1071° to 2036°
R)
tg = 2036° R Eq. (7)
R5gs85p s Carbon-dioxide - water ratio of stoichio-
R, = 53.4 metric combustion products is such that
6 o combined molecular weight of products
ft-1b/1b R is 28.9, same as that of air. Thus
gas constant of all streams is
1543/28.9 = 53.4
AG = 1.2 Total cross section remalns constant
Dg = 21.5 Eq. (8) _
Mg = 0.263 Eq. (9)(egs. (8) and (9) must be solved
simultaneously)
Pg = 22.5 Eq. (10)
0-86 Py/E, = 0.613 Py = 36.7. Most of pressure drop ocecurs

in supersonic diffuser. If diffuser
efficiency were 100 percent, then
Pg/Bq = 0.613/0.65 = 0.943.

3. sl TR
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TABLE III. - Concluded.

a7

SAMPLE CALCULATTION

(b) Nondivided~flow combustor

[ Flame-holder pressure-loss coefficient of 2 with same total-
temperature ratio as corresponding divided-flow combustori

station Value Source
0-1 | My=3 h
Mp = 0.65
To = 1.4
Ml =1
AO = 1
Same values as in (a)
Po = 1 }
Ay = 0.363
Po = 36.7
Py = 12.6
P, = 23.8 J
1-2 Ay = 1.2 Given
Tog = Yzg = 1.375 Ref. 6
M, = 0.179 Eq. (1) solved for My
Py = 23.2 Eq. (2)
Py = 23.8 No change in total pressure
2=-3 CD = 2 Assigned value
Py = 22.1 Bq. (5) or (A5)
Mz = 0.187 Eq. (8) or (A7)
Pz = 22.6 Eq. (10)
3-6 T = 1.875 This corresponds to over-all temperature
ratio in (a): Tg/Ty = 2060/1100 = 1.875.
Tg 1s found from +%g by eq. (11)
Yg = 1.325 Ref. 6
Mg = 0.271 Eq. (3) solved for Mg
pg = 20.7 Eq. (4)
 Pg = 21.7 Eq. (10)
0-6 Pe/Po = 0.591 Py = 36.7. If supersonic diffuser effi-

Pg/Po = 0.909.

ciency were 100 percent, then
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Ratio of total pressure to free-stream total pressure, P/Pg
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1\
\ Combustor
\ ———— Divided flow with 30-
74 percent primary-zone
area and 25-percent
primary-zone flow
— — — — Nondivided flow
.70 \\
\ Secondary
-66 stream
N, \
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~N
N Primary
-62 ~ stream
~ \ )—
\ LA /
o _ ]
.58
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Engine stations
Figure 2. - Variations in total-pressure ratio through enslytical model engine.

Free-stream Mach number, 3.0; diffuser efficiency, 65 percent; combustor-inlet
Mach number, 0.18; over-all combustor total-temperature ratlio, 1.875.
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.54 Divided flow —
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Primary-zone area, percent of total combustor area

Figure 3. - Effect of size of primary combustor
area upon over-all pressure recovery. Over-all
fuel-air retio, 0.017.
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Ratio of combustor-outlet total pressure to free-gtream
total preesure, P /P,
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- ——————— Divided flow aireﬂgwé
= — — =— Nondivided flow percen
20
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////"’/’f’—”————::::____—d 35
i
(a) Flame-holder pressure-loss coefficient, 2 for divided-
and nondivided-flow combustor.
] — | 25
r= ’,2*" 35
— &g 7
0 20 40 60 80 100

Primary-zone ares, percent of total combustor ares

(b) Flame-holder pressure-loss coeffictent, 10 for divided-
flow combustor and 2 for nondivided-flow combustor.

Figure 4. - Comparison of total-pressure ratios for several
primary-zone air flows, and comparison of total-pressure
ratlos for divided- and nondivided-flow combustors for
similar total-temperature ratios across combustors.

Sui NIRRT



32

Primary-zone exlt area, Ag,, percent of total combustor area
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(a) Flame-holder pressure-loss coefficient, 2.

100

Figure 5. - Nozzle area at station 5 required to maintaln
equal static pressures at stations 5a and 5b for several
primary-zone ailr flows.
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Primary-zone exit area, Ag,, percent of total combustor area

100 I l
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alr flow,
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/
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40
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Region of converging
/ exit nozzle
/
20
/ {No exit nozzle
regquired
. |
7
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Primary-zone area, percent of total combustor area
(b) Flame-holder pressure-loss coefficient, 10.
Figure 5. - Concluded. Nozzle area at station 5 required to

maintain equal statlic pressures at stations S5a and 5b for
several primary-zone air flows.
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Figure 8. - Effect of primary and over-all fuel~
air ratic upon combustion efficlency of divided-
flow combustor with 50-percent primary-zone area
and 25-percent primary-zone eir flow.
I Divided-flow combusi:or
o P#imary-stream -fuel injection (fig. 8)
— a Primary- and secondary-stream fuel
injection (primary at 0.067)
o Primary- and secondary-stream fuel
— injection (primary at 0.092) —
~— == — Nondivided-flow combustor.(ref. 1)
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Figure 9. - Comparison of combustion efficiency

of divided-flow combustor, with and without

secondary-stream fuel injection, with combus-
tion efficlency of nondivided-flow combustor.
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Divigded-flow combustor
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at 0.067)

¢  Nondivided-flow combustor
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Figure 10. - Comparison of total-pressure ratio

of divided-flow combustor, with and without
secondary-stream fuel injection, with total-
pressure ratio of nondivided-flow combustor.
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